Recently, twin torch plasma heating became common rather than single torch which demands anode in the tundish wall. 
Introduction
The 5th international conference on electromagnetic processing of materials (EPM2006) was held in Sendai, Japan on October, 2006. Recent researches of EPM in various fields were presented. Electromagnetic processing of Materials (EPM) has been extensively developed in various fields. In particular, EPM has been used in steelmaking processes such as continuous casting (CC). Electromagnetic fields are used for heating, controlling melt flow (brake and stirring) and modifying melt shape. In casting and solidification processing, EPM has been extensively studied to improve quality of castings, to reduce macrosegregation in grown crystals and to modify microstructure (columnar grains and equiaxed grains) by controlling macro-scale melt flow. Relatively high magnetic field, of which intensity is 10 T or higher, can be imposed by a cryogen-free superconducting magnet. It is recognized that high magnetic field has potential to control micro-scale melt flow around the solidifying front. Moreover, a novel phenomenon, which is called the thermoelectromagnetic effect, is also realized in solidification under high magnetic field. Interaction between static magnetic field and current induced by the thermoelectric effect may initiate melt flow between dendrite arms. The melt flow in the mushy region can change the solidification mode.
Electromagnetic vibration is an attractive tool for solidification, because mass transfer and heat transfer at the solidifying front are significantly influenced by vibration. Especially, strong vibration induced by high magnetic field has significant effect on microstructure evolution. Thus, electromagnetic vibration will be a useful tool to control the solidified structure. Recently, application of microwaves, which are electromagnetic waves, has been paid much attention, because microwaves processing has unique functions for developing new materials processing.
This paper reviews recent trends of electromagnetic processing in steelmaking, casting and solidification. In addition, electromagnetic vibration and a novel processing using microwaves are also presented.
Applications to Steelmaking Processes
In the past decades, the steelmaking process has remarkably progressed, and solved many technological problems. In the meantime, attempts have been made at developing novel processes for further innovation. 1, 2) Among these technologies, application of MHD has aroused a great deal of interest as powerful elementary technology to develop new processes, especially in continuous casting (CC) processes with higher productivity and better cast steel quality. Table 1 shows the trends of the application technology of MHD used or under development in steelmaking process in terms of the functions of MHD, such as heating, stirring, braking, shaping and sensing.
Heating
Induction heating with channel furnace is in use in iron reserver tank 3, 4) and in CC tundish. Its function for tundish heating was not only the heating but the increase in cleanliness through MHD phenomena. 5, 6) Compared to the induction heating, which has a limitation of capacity in one system, the plasma heating has been introduced to the system, which demands higher capacity. 7) ment of steel cast is under trial. With AC field, the plasma arc is reciprocally moved and the fan shape plasma is obtained as a time-averaged figure. This technique may enable the loss free surface treatment of the steel semi-products.
9)

Braking
The in-mold electromagnetic braking technique started as a localized MHD application 10) to brake directly the molten steel stream discharged from the submerged entry nozzle. At that time, however, the technique had several problems concerning the stability of braking effect and the resultant metallurgical benefits. The new technique of stably controlling the molten steel flow in the mold was developed by applying a level DC magnetic field (LMF) across the mold width to discover a new function of suppressing mixing in addition to the conventional functions ensuring the slab quality. [11] [12] [13] The metallurgical effects of LMF are to minimize the penetration of oxide inclusions into the cast and to stabilize the steel flow in the mold so as to avoid the entrainment of liquid flux into the cast. The latter function enhanced the rapid introduction of this technique to the thin slab caster, which has high casting speed characteristics. Another application of this technology is to minimize the transition region at the ladle change by imposing a level magnetic field during the sequential casting.
When an external DC magnetic field is applied to moving electrically conductive fluid, electric current is induced in the fluid. The electric current in the fluid makes a circuit to satisfy the law of conservation of electric current, according to the electrical boundary condition and generates electromagnetic braking forces on the fluid. The electric current path formed in this way contains components in the direction opposite to the one for the braking direction. By these characteristics, consideration of the solidifying shell is very important which changes the boundary condition. The counter flow which appears near nozzle jet is also known, which is important to optimize the process under multiphase state.
The suitable amplitude of magnetic field is determined by the two main phenomena. One is suppression of downward flow and another is reverse flow generated around the discharged flow jet. Experimental and theoretical results showed the existence of optimum magnetic flux density to minimize inclusions defects in the cast. 14) Application of braking technology is becoming common in thin slab CC and in ordinary high throughput CC.
Stirring
In-mold electromagnetic stirring (M-EMS) for steel CC slabs is known by its effects such as suppression of carbon oxide bubbles defect for pseudo-rimmed steel, 15) suppression of longitudinal cracks on the casts and cleanliness improvement of cast sub-surface. Some mechanisms of these effects have been discussed in view of fluid flow phenomena.
16) The thermal effect of M-EMS is also discussed through numerical simulation of thermofluid in the topzone of CC mold based on the experimental data taking into account of the existence of mold flux. With M-EMS, recirculating flow is formed and it causes the interface deformation near the submerged entry nozzle and the narrow side wall, which is different from the case without M-EMS. Uniform stirring without the interaction between flow induced by the discharged flow from the submerged entry nozzle and one by stirring enables the elimination of interactive region which is harmful because of the decrease of absolute velocity and of the accumulation of nonmetallic inclusions by the vortex formation. The M-EMS optimization has been focused on how to obtain the uniform velocity and temperature field in the top zone of mold pool through the modification both in the actuator design and in the process control parameters.
Conventional application of M-EMS for inner solidification structure to minimize the segregation is common in billet and bloom casting and is still under R&D for further improvement with superposition technique or innovative electromagnetic effect application.
17)
Shaping
The electromagnetic casting (EMC) technique for steel casting has been developed in some steel companies 18, 19) and in the national project for small sections previously 20) and for larger sections recently in the succeeding national project.
21) The surface defects and the lubrication in the steel CC mold can be drastically improved by the imposition of AC magnetic field at the meniscus. Stable shaping by high frequency AC field demands the introduction of cold-crucible structure for the mold makes it very difficult to apply this technique to the larger section mold like a slab caster. This technique is used for steel billet casting and nonferrous CC for such as magnesium and poly-silicon. 22, 23) Shaping with low frequency AC field, in which shaped meniscus stability is improved by the introduction of amplitude modulation technique, has been applied for slabs. Through electromagnetic device design and MHD control, same surface improvement as billets is obtained in a slab caster of plant scale. 21 ) Figure 1 shows the improvement of subsurface solidification structure known as oscillation mark hook, which is reduced by the imposition of amplitude modulated AC field.
As another application example of shaping function, cold crucible, which is a very attractive technique for the processing of reactive metal, has been applied to steelmaking as an effective means of evaluation method of cleanliness assessment of steel samples. 24) In the application, contamination-free stable fusion and rapid extraction of nonmetallic inclusions to the melt surface were performed by use of electromagnetically driven flow and electromagnetic reaction force. This technique is also applied to the evaluation process of the mechanical property of steel sample at high temperature.
25)
Modulation and Superposition
As the CC demands the various controlling functions due to its complex phenomena, the superposition of some electromagnetic fields is becoming common as in the semiconductor industry. In industrial example, superposition of two traveling fields is known as dual stirring. 26, 27) As the R&D level, superposition of DC field and stationary AC field 28) has been tested and obtained cast quality improvement. This trend of superposition seems to be more common in the future applications of MHD. Modulation of wave form in amplitude, frequency and phase is also becoming common for the multi-functions. 29, 30) For example, amplitude modulation is used in the slab EMC in order to suppress the free surface instability with enough soft contact level. A new idea of the application of oscillating AC field is also tested for the trial of decrease in bubble number in CC mold as in Fig. 2. 
31)
Sensing
After the successful application of electromagnetism of mold level sensor in CC and slag flow-out sensor in ladle and converter, measurement technology by use of electromagnetic effect is under R&D in the exploitation of velocimetry. 32, 33) Recently various types of techniques have been proposed by using electromagnetic induction principle 34, 35) and electromagnetic reaction force, which operated the sensor device. 36) Close relation between flow velocity and cast quality has been known so that the direct measurement of flow velocity is more and more demanded, which will enhance its development. Investment casting has been known as the lost wax process, which produces castings of rather complicated parts with high accuracy. Disadvantage of the investment casting is that casting defects, which originate in bubbles, inclusions and oxide film, are frequently formed in castings. 37) Most of the defects are closely related to melt flow, especially melt flow at the beginning of pouring process.
In a typical configuration of the investment casting, poured melt flows in the vertical channel and changes the flow direction to the horizontal direction at the T-junction, as shown in Fig. 3 . Then the melt fills the cavity in the mold from the bottom. At the initial stage of the pouring, flow velocity of the melt is relatively high and bubbles and inclusions are often entrapped by melt surface. Thus, it is desired to control melt flow at the initial stage so that bubbles and inclusions are not entrapped. Gerbeth et al. discussed control of the melt flow by a static magnetic field. 38) The imposed magnetic field was designed by numerical simulation. They confirmed that an appropriate magnetic field could reduce frequency of the casting defects in the industrial condition for the Al-alloy casting. In addition, they discussed that alternating magnetic field was applied to brake the melt flow into the cavity at the beginning and to pump the melt into the cavity in the later stages. The study indicated that the electromagnetic forces could be used for the conventional casting process.
A unique technique for stirring the melt and the slurry has been proposed. 39, 40) As shown in Fig. 4 , magnetic field was applied by the double axial coils (a rotational magnetic Fig. 2 . Effect of oscillating magnetic field on bubbles entrapment to wall. 31) field in the horizontal plane and a linear traveling magnetic field in the vertical direction). The rotational magnetic field with a relatively low frequency generated stirring force and the traveling magnetic field with a relatively higher frequency generated downward force. The electromagnetic forces suppress distortion of the free surface, which might cause the entrapment of bubble, oxide film, slag and inclusions. The stirring technique was examined to control the solidified structure of the Al-Bi monotectic alloys. The Bi grains, which were produced as liquid phase through the monotectic reaction, were uniformly distributed by the violent stirring without distortion of the free surface.
Bridgman Technique and Others
In the unidirectional solidification processes such as Bridgman technique, one of the important issues is to reduce the solute segregation and to improve quality of grown crystals.
Rotating magnetic field was imposed to control melt flow during the unidirectional solidification. 41, 42) In the solidification of the Pb-Sn alloys under a rotating magnetic field, the forced convection significantly influenced the solidified structure and orientation of the grains. [43] [44] [45] The electromagnetic stirring by the rotating magnetic field promoted the columnar-to-equiaxed transition and resulted in the refinement of grains. They also found the flow-induced fragmentation in the microstructure solidified under the rotating magnetic field.
For semiconductor concentrated alloys, for example, Ge-Si, Ga-In-As, Hg-Cd-Te and so on, the macrosegregation was often observed in the unidirectionally grown crystals. Mass transport and heat transport due to fluid flow significantly influence the growing interface stability and the final solute distribution. Mitric et al. reported that alternating magnetic field enhanced mixing of the solute around the growing interface and consequently reduced the radial segregation in the GaInSb crystals. 46, 47) The effect of the alternating magnetic field on the segregation in the unidirectionally grown GaInSb was numerically investigated.
48) The calculation showed that alternating magnetic field promoted the melt flow near the growing interface and decreased the radial segregation. Optimum design of magnetic field can improve quality of the grown crystal.
Containerless Processing
In solidification processing, the electromagnetic force has been used to control shape of the melt. Since the electromagnetic force can operate the surface region without any contacting device, various containerless processing has been extensively studied.
Recently, a method for producing metallic fiber was proposed, in which the melt was extracted from pending melt pool at the lower edge of the metal sheet. 49) They successfully demonstrated fabrication of the Pt fiber with approximately 20 mm in diameter from the Pt sheet.
Another example is near-net-shape casting using the electromagnetic confinement. Liu et al. reported directional solidification process using the electromagnetic confinement. [50] [51] [52] [53] Heating and shaping of the melt are done by the dual inductors in vacuum furnace. The alternating magnetic field of 50 kHz was used for heating the melt, while the alternating field of 20 kHz for shaping the melt. The unidirectional solidification was performed for Al alloys, stainless steels and Ni alloys. They pointed out that the technique could be used for shaping of the superalloys, Ti alloys and others, although there was still difficulty for practical use. Electromagnetic levitator for metallic melt is one of the most popular techniques in the containerless processing. [54] [55] [56] The method has been widely used to investigate solidification from undercooled melts 57) and to measure thermophysical properties. 54) Since the electromagnetic levitation intrinsically induces convection and oscillations, it is impossible to control the melt flow in the levitated melt by the conventional levitator, which used alternating magnetic field. Recently, an electromagnetic levitatior, which simultaneously imposed alternating and static magnetic fields, has been developed to control melt flow in the melt. 58) A theoretical approach has also been developed for fluid flow in melts levitated using alternating and static magnetic fields. 59) The melt flow in the levitated melt was suppressed by imposing the static magnetic field. Oscillations and convection were not observed when static magnetic field exceeding 1 T was imposed.
The electromagnetic levitator was used to examine formation of the refined grain structure in the undercooled solidification. In the Ni-Cu system, the morphological transition from equiaxed grains to columnar grains occurs at a lower critical undercooling, and the other transition from columnar grains to equiaxed grains occurred at a higher critical undercooling. 57) Although the morphology estimated by the fragmentation model 60, 61) agreed qualitatively with the experimental results, the lower critical undercooling estimated by the model was in relatively poor agreement with the experimental result.
60) It was pointed out that the melt flow could significantly influence the fragmentation. The solidified structure was examined by using the electromagnetic levitator using alternating and static magnetic field.
62) The equiaxed grains for Cu-Ag and Fe-Ni alloys were obtained in the lower undercooling region only when static magnetic field was not imposed during solidification. The result proved that the melt flow was dominant factor for the dendrite fragmentation in the lower undercooling region. The novel levitation technique was used to investigate fundamentals of the microstructure evolution.
Another application of the containerless processes is measurement of thermophysical properties of melts at high temperatures. For example, the oscillation drop method has been widely used for measuring the surface tension of various melts. 55, 56, 63, 64) The shape of the levitated melt was traced as shown in Fig. 5 . 65) The electromagnetic force agitated several modes of the oscillation at 0 T. On the other hand, the static magnetic field of 0.6 T preferentially suppressed some oscillation modes and the oscillation of the lϭ2, |m|ϭ2 mode remained. Thus, the static magnetic field was used to select the oscillation mode. The selection is advantageous for the mode identification. Melt levitated without melt flow will be beneficial for measuring other physical properties (density, thermal conductivity and solute diffusivity).
Application of High Magnetic Fields on Solidifica-
tion Effect of high magnetic fields, typically higher than 2 T, on solidification has been widely studied to explore new EPM applications. Aim of imposing the high magnetic field is to control the microscopic flow control.
66) The control of the melt flow directly influences evolution of the solidified structure. In addition, an interesting effect called the thermoelectromagnetic effect was also realized in dendritic solidification under the high magnetic field. 67) 3.3.1. Thermoelectromagnetic Effect Youdelis et al. reported that the effective solute partition coefficient was reduced in the unidirectional solidification of the Al-Cu alloys under high magnetic field. 68) In addition, the freckle-type segregation, which is produced by the melt flow in the mushy region, was formed in the unidirectional solidification of the Sn-Bi alloys and the Al-Cu alloys under high magnetic field. 69) Recently, Ren et al. reported that magnetic field of 10 T tended to distort ordering of the primary dendrites and to increase the dendrite arm spacing in the unidirectional solidification of the Al-4.5mass%Cu alloys under high magnetic field.
69) The observed phenomena are not explained by suppressing the melt flow due to the electromagnetic brake. Thus, they pointed out that the thermoelectromagnetic convection induced under high magnetic field could promote the local melt flow in the mushy region and significantly influenced the solidified structure. Detail of the melt flow induced by the thermoelectromagnetic effect has not been explained clearly. Further efforts are required to understand the thermoelectromagnetic convection.
Control of the Microscopic Flow
The aligned rod structure, which is commonly observed in the eutectic alloys, is also produced for monotectic alloys during unidirectional solidification. [70] [71] [72] Compared to the eutectic alloys, 73) very specific growth conditions are required for developing the aligned structure in the monotectic alloys. In the monotectic reaction, another liquid phase is produced. The liquid/liquid interface can promote melt flow due to temperature and concentration dependence of the interfacial energy (thermocapillary effect). Since typical scale of the droplets produced through the monotectic reaction ranges from sub mm to several 10 mm, the microscopic melt flow is agitated near the solidifying front. The melt flow distorted formation of the aligned rod structure in the monotectic solidification. The aligned rod structure was produced in the unidirectional solidification of the Al-10at%. In hypermonotectic alloys under magnetic fields of 10 T, 74, 75) as shown in Fig. 6 . According to the recent study, 66) the local melt flow promoted by the thermocapillary effect around the solidifying front distorted the solidifying front. Thus, reduction of the local melt flow by the high magnetic field led to the coupled growth between the solid phase (Al) and the liquid phase (In), producing the aligned rod structure. The similar result was also reported in Cu-Pb system. 76) 
Electromagnetic Vibration
Vibration can be induced in a material by using mechanical ways, by introducing ultrasounds and by applying an alternating electromagnetic field. And effect of vibration during solidification was summarized by Campbell 77) in 1981. In this section, vibration excited by electromagnetic fields in a metal or an alloy is mentioned.
In 1989, Vivès applied an alternating magnetic field with commercial frequency to an aluminum alloy from outside of a mold during a continuous casting process, and the solidified structure was refined compared with the traditional DC method. This process was named CREM (Casting, Refining, Electromagnetic) process. 78, 79) The refining mechanism in this process is the convection induced by the alternating field.
Further grain size decrease was achieved by imposing a DC magnetic field parallel to the AC magnetic field. 80, 81) He also excited vibration during solidification of an aluminum alloy by imposing the alternating current perpendicularly to the static magnetic field. 82) In this process, cavitation was induced in the molten metal because the pressure change accompanying the vibration was larger than atmospheric pressure, and the solidified structure was drastically refined by this pressure change. For intensification of pressure change in an alloy during solidification, he proposed the utilization of resonance phenomena by adjusting the frequency of the electric current. Radjai and Miwa investigated the effect of the frequency on solidified structure under the imposition of a DC magnetic field and an AC electric current. For Al-7%Si alloy, optimum frequency for refinement of the solidified structure is 1.5 kHz, and the refining effect decreases as the frequency increases, and it vanished if the frequency is larger than 10 kHz. 83) They also obtained the similar results using Al-17%Si alloy, 84) magnesium alloy 85) and grey iron. 86) Miwa et al. succeeded to produce metallic glass by applying electromagnetic vibration during solidification. 87) This is a new function of electromagnetic vibration.
Iwai's group excited a compression wave by imposing an alternating magnetic field. 88) This is one of the promising methods to utilize industrially useful functions of compression waves because the compression waves can be introduced to a liquid metal without any contact to the metal. Amplitude of pressure change in the liquid metal was intensified by the simultaneous imposition of a static magnetic field produced by a superconducting magnet and an alternating magnetic field, and it was larger than the atmospheric pressure. 89) They also refined the solidified structure of Sn-10%Pn alloy 90) and Al-6%Si alloy 91) by the local imposition of an alternating current and a static magnetic field. The solidified structures are shown in Fig. 7 . 90) Mechanism of the refinement of solidified structure in this process is that dendrite arms around the electrodes are cut off by the electromagnetic vibration in the initial stage of the solidification and it spread to the whole area of the sample by the convection induced by the electromagnetic force.
92) Furthermore, they succeeded crystal alignment of a binary alloy during solidification by controlling the imposing period of a static magnetic field and an alternating current. 93) 
Microwave Processing
The microwaves are electromagnetic waves with a frequency range of 0.3 to 300 GHz, which also obey the laws of optics and can be transmitted, absorbed, or reflected, depending on the material interacted with. Consequently, a material will be heated when it absorbs the electromagnetic radiation. Bringing this principle into use, the microwave processing has been widely developed in the past 30 years in application such as heating and/or drying of food, paper, plastics, textiles, building materials, fuels, medicines, etc. Materials with high dielectric loss are internally heated up rapidly due to the interaction with the microwave when it is irradiated. Since the absorption of microwave energy varies with the composition and structure of different phases, selective heating is also possible and presents new opportunities.
In addition to the rapid and effective heating, the microwave is known to provide a "non-thermal effect", which significantly enhances the reaction rate as if its activation energy were reduced. There are still many unidentified phenomena in the microwave application and its research has © 2007 ISIJ Macrostructures of the horizontal cross-section with and without electrical current. 90) been more and more concentrated in various research fields. Recently, "Japan Society of Electromagnetic Wave Energy Applications (JEMEA)" was newly founded in 2006. Especially in the filed of environmental protection, microwave has been considered to become a new key technology for solving the problems we are suffering from. Also, the microwave processing has been introduced to iron-and steelmaking technology as reviewed by Yoshikawa et al. 94) "International Symposium on the Microwave Processing in Iron-and Steelmaking, and Environmental Protection" was organized in March, 2006, 95) and the microwave processing is expected to develop a new field in the high temperature processing.
Conclusions
In the steelmaking process, EPM has been widely used to solve many technological problems. EPM has been recognized to be a powerful tool to develop new processes, especially in continuous casting of steel. The electromagnetic forces are used for heating, braking, and stirring. In addition to the flow control by the electromagnetic forces, the electromagnetic reaction is used to develop a sensing tool in high temperature processes. Application of EPM is extended to reduction of the casting defects in the conventional casting processes. Fundamental studies (experiments and numerical simulation) are carried out to control the melt flow and consequently to reduce the macrosegregation for semiconductors. The high magnetic field (typically higher than 2 T) is realized to be a tool to control the microscopic melt flow. For example, the microstructure of the monotectic alloys was modified by imposing the high magnetic field. In addition, a novel phenomenon due to the thermoelectromagnetic effect is realized in unidirectional solidification under the high magnetic field. The electromagnetic vibration using the high magnetic field significantly modified the solidified structure. The electromagnetic vibration promoted fragmentation of the dendrite arms and produced the refined grains. In addition, the textured structure was also achieved due to the crystal magnetic anisotropy. In the next decade, the microwave processing is expected to develop a new field in the high temperature processing.
